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Mixed metal films with switchable optical properties
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Thin, Pd-capped metallic films containing magnesium and first-row transition nidtalsFe, Co

switch reversibly from their initial reflecting state to visually transparent states when exposed to
gaseous hydrogen or following cathodic polarization in an alkaline electrolyte. Reversion to the
reflecting state is achieved by exposure to air or by anodic polarization. The films were prepared by
cosputtering from one magnesium target and one manganese, iron, or cobalt target. Both the
dynamic optical switching range and the speed of the transition depend on the magnesium-transition
metal ratio. Infrared spectra of films in the transparent, hydridkiteridedl states support the
presence of the intermetallic hydride phases;MgH;, Mg,FeH;, and MgCoH;. © 2002
American Institute of Physics[DOI: 10.1063/1.145421]8

Following the discovery of the switchable mirror phe- mTorr (Ar), target-to-substrate distance 7.5 cm, power levels
nomenon in yttrium and lanthanum hydrides by Huibertsfor Mn—Mg deposition: Mn 15 W, Mg 40 W; for Fe—Mg; Fe
etal,! similar behavior was reported in rare-earth- 28 W, Mg 36 W; for Co—Mg: Co 29 W, Mg 35 W. The Pd
magnesium alloy film$.Recently, metal-transparent hydride overlayer was applied at 10 mTorr Ar pressure, Pd power 12
switching was also found in nickel-magnesium thin fiffns. W. Film thicknesses were measured by stylus profilometry.
In all of these systems, a thin Pd overlaygenerally>5  Samples for mid-IR internal reflectance-absorbance spectros-
nm) is applied to catalyze absorption and desorption of hycopy were deposited on 25 mm diameter ZnSe disks. The
drogen and to protect the readily oxidized rare earth and/ogpectra were obtained by reflectance from the Pd cap layer at
Mg from oxidation. Infrared internal reflectance spectros-45° through the ZnSe substrates.
copy was used to characterize the transparent Ni-Mg hy-  Switching from the as-deposited mirror state to the trans-
dride films as a mixture of MgNiH, and MgH,.® Other  parent state was achieved by exposing the films to a dry gas
ternary hydrides containing magnesium and a first row transtream containing 4% hydrogen in argon or helium. The mir-
sition metal include MgCoHs,* MgsCo,H1;,° Mg,FeH;,®  ror state was recovered by exposing the films to ambient air.
and MgMnH;.” Mg,CoHs and MgFeH; have structures Electrochemical switching was carried out in aqueous alka-
similar to that of the high-temperature, cubic form of |ine electrolyte(1-5 M KOH, Pt counterelectrode, HgO/Hg
Mg,NiH,4, with a Cah-type metal atom arrangement. Cubic referencg, with in situ measurement of optical transmission
Mg, FeH; contains octahedral Fgfi™ units, while in tetrag-  spectra or photopic transmittance. Film compositions were
onal Mg,CoHs, square-pyramidal Cofi™ is present. This determined by Rutherford backscattering spectrometry and
structural unit also appears in MQo,H;;, along with  particle induced x-ray emission.
saddle-like Col®~ complexes. MgMnH; contains nearly The freshly deposited films were amorphous by x-ray
octahedral Mnk®~ units bridged by Mg in trigonal pris- diffraction (XRD) in every case, showing only weak reflec-
matic coordination, along with an isolated hydride iontions due to Pd. No changes were observed in the XRD pat-
bonded only to Mg. Band structure calculations forterns of films maintained in a 4% +atmosphere. The films
Mg,CoHs (Eq=1.92eVf and MgFeH; (Eq=1.8eV)  \ere highly reflecting in the metallic stat€ig. 1) and had
support experimental eviderfc&for semiconductor behavior very low transmittancéFig. 2). The sharp drop in reflectance
in these materials. M@/InH, (calculatedEg=2.56 eV}’ is  around 350 nm is due to absorption by the substrate. In the
orange in colof, and is also presumably semiconducting. transparent states, there is some contribution to the reflec-
The enthalpies of formation of M@oHs and MgFeH; are  tance from the Pd layer, which remains metallic but is some-
86 kJ/mol and 98 kJ/mol of } respectively. Dissociation \what more transparent when loaded with hydrotfen.
pressures at 25°C are estimated to be 1B ° atm for  co_Mg hydride films were less transparent below 500 nm,
Mg,CoHs, 4x10 " atm for Mg,FeH;, and 1x10 ® atm  que in part to their higher reflectance in this region. The
for MgH,. No thermodynamic data are available for maximum transmittance depended upon the thicknesses of
MgsMnH;. both the mixed metal film and the Pd overlayer, as well as on

Mixed metal thin films of Co, Fe, and Mn with Mg were the atomic ratio of transition metT) to Mg. Cosputtering
deposited by dc magnetron cosputtering from separate 2 ifom offset sources produced films with position-dependent
diameter transition metal and M§9.98% targets onto glass  T:\mg atomic ratios ranging from about 1:1 to 1:10. Regions
substrates with or without transparent conductive coatingSyjith ratios greater than about 1:2 did not switch completely
The base pressure was ¥40 ' Torr, process pressure 2 ang remained reflecting in appearance. For Fe:Mg between
1:2 and 1:7, switching was rapid; the maximum transparency
dElectronic mail: tjrichardson@Ibl.gov was found at around 1:5. For Mn:Mg, the maximum trans-
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FIG. 1. Vis-near infrared reflectance spectra@f60 nm Mn—Mg,(b) 40
nm Fe—Mg,(c) 40 nm Co—Mg films (T:Mg-1:6) with 7 nm Pd overlayers
on glass substrates in the metallippper curvg and hydride(lower curve
states. Spectra were recorded from the substrate side.

. Lett., Vol. 80, No. 8, 25 February 2002
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FIG. 2. Vis-near infrared transmittance spectrgaf60 nm Mn—-Mg,(b) 40
nm Fe—Mg,(c) 40 nm Co—Mg films (T:Mg-1:6) with 7 nm Pd overlayers
on glass substrates in metalliower curve and hydride(upper curve
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FIG. 3. Internal reflectance infrared spectra@f400 nm Mn—Mg,(b) 385
nm Fe—Mg,(c) 250 nm Co—Mg films on ZnSe substrates following loading
in H, and D,.

parency was observed atl:6. For all three mixtures, areas
with T:Mg ratios lower than about 1:12 did not switch at all.

Gasochromic switching from the metallic to the transpar-
ent state generally was complete in less than 10 s. The re-
verse transition in air required 30 to 120 s. Electrochromic
switching was somewhat slower. The electrochemical hydro-
gen loading behavior of these mixed metal films was similar
to that of Ni—-Mg films® The return to the mirror state, how-
ever, was somewhat slower and in some Fe—-Mg and
Mn—Mg samples appeared to proceed in two steps. This may
be due to the greater thermodynamic stability of the more
hydrogen-rich ternary compounds relative to Mgi4 kJ/
mol H,).}? Switching speeds deteriorated gradually with cy-
cling (thirty or more cycles were observedut were found
to be stabilized by the use of dry, Gdree air for hydrogen
removal.

Internal reflectance-absorbance infrared spectra for the
three hydride mixtures are shown in Fig. 3. In each case, a
composition gradient existed from one side of the sample to
the other. Spectra taken from regions with different transition
metal-to-magnesium ratios were identical except that the in-
tensities of all observed absorption bands varied directly
with the absolute quantity of the transition metal present. No
contribution to the spectra from free MgHvas evident.
MgH,, having the rutile structure, does not contain isolated
structural units, and therefore has only no identifiable ab-
sorption bands within the accessible spectral range. The
similarity between the spectra of the Fe—Mg and Mn—Mg
hydrides is due to the fact that both ternary hydrides contain
an octahedral MK unit. The higher frequencies of the
FeH,*~ vibrations relative to those for M~ are consis-
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